Melt quenched metal-organic framework (MOF) glasses define a new category of glass, distinct from metallic, organic and inorganic glasses, owning to dominant role of metal-ligand coordination bonding. The mechanical properties of glasses in general are of importance given their application in protective coatings, display technologies and screens, though little is known about MOFglasses in this respect. Experimental elucidation of key properties such as their scratch resistance has been limited by the lack of processing methodologies capable of producing bulk glass samples. Here, nanoindentation was used to investigate the Young's modulus and hardness of four melt-quenched glasses formed from zeolitic imidazolate frameworks (ZIF): agZIF-4, agZIF-62, agZIF-76 and agZIF-76-mbIm. The creep resistance of the melt-quenched glasses was studied via strain-rate jump (SRJ) tests, and through constant load and hold (CLH) indentation creep experiments. Values for the strain-rate sensitivity were found to be close to those for other glassy polymers and Se-rich GeSe chalcogenide glasses. Vacuum hot-pressing of agZIF-62 resulted in an inhomogeneous bulk sample containing the glass and amorphous, non-melt quenched aZIF-62. Remelting and annealing however, resulted in the fabrication of a transparent, bubble-free, bulk specimen, which allowed the first scratch testing experiments to be performed on a MOF-glass.
INTRODUCTION
One family of metal-organic frameworks (MOFs), the zeolitic imidazolate frameworks (ZIFs), are a topical class of nanoporous materials formed from tetrahedral metal ions (e.g. Co 2+ , Zn 2+ , Li + , B 3+ , Mg 2+ ), which are connected by imidazole derived ligands. [1, 2] A variety of synthetic strategies for the chemical modification of over 140 zeolitic network architectures exists, [3] including post-synthetic modification (ligand exchange) [4] and metal-ion exchange. [5] The incorporation of multiple organic ligands during direct synthesis has led to the formation of high surface area frameworks. [6] Several potential applications in membrane based gas separations or as shock absorbers have been suggested. [7] [8] [9] Their chemical [10] and mechanical [11] properties are, however, less well documented, although the Young's modulus and hardness of single crystal ZIF samples are observed to decrease with increasing internal surface area. [12] One member of this family, ZIF-62 [Zn(Im)1.75(bIm)0.25] (Im imidazolate, C3H3N2 -, bImbenzimidazolate C7H5N2 -), [13, 14] has been found to melt at ca 710 K in an argon atmosphere without decomposition. [15, 16] Subsequent quenching yields a glass of identical composition, i.e. agZIF-62, which exhibits a continuous network of corner-sharing ZnL4 tetrahedra (L -bIm or Im). A key feature of agZIF-62 is its accessible, permanent, porosity towards H2 and CO2, though not N2. [17] MOF glasses prepared by melt-quenching ZIF-76 [Zn(Im)1.5(clbIm)0.5] (clbIm -5-chlorobenzimidazole, C7H4ClN2 -) and ZIF-76-mbIm [Zn(Im)1.33(mbIm)0.67] (mbIm -5-methylbenzimidazole, C8H7N2 -) from ca. 730 K, are also permanently porous. [18] These reports, in conjunction with studies on glasses formed by melting hybrid coordination polymers, [19] have started to shift attention towards glassy MOFs. [20] Current processing methodologies used to produce MOFglasses are restricted to the preparation of small glass pieces, though bulk, bubble-free samples are required for proper evaluation of their thermomechanical and optical properties. We also note that amorphous MOFs can be prepared by mechanosynthesis, [21] or pressure, [22] though both result in samples of micron sized grains.
At the melting point, Tm, the liquid formed from ZIF-62 exhibits an extremely high viscosity, η, of 10 5.1 Pa·s. [23] In inorganic glass-forming liquids, the decrease in viscosity with increasing temperature can be exploited to improve the workability of the final glass product. However, the limited thermal stability of molten ZIF-62 (decomposition temperature Td, ca 823 K), [16] hinders this approach. Consequently, novel strategies for the preparation of MOF glasses are required. Vacuum hot-pressing, i.e. the simultaneous application of pressure and temperature, has recently been investigated for the creation of crystalline coatings with tuneable microstructures, [24] while spark plasma sintering has been utilized to produce bulk samples of a crystalline ZIF. [25] Small glass samples of a two-dimensional coordination polymer [Cd(H2PO4)2(1,2,4-triazole)2] (CdTz), have also previously been obtained by ball-milling and subsequent vacuum hotpressing, of the corresponding crystalline material. [26] To gain deeper insight into the mechanical properties of meltquenched MOF glasses, we investigated the mechanical behaviour of four samples formed from ZIFs: agZIF-4, agZIF-62, agZIF-76 and agZIF-76-mbIm ( Fig. 1, Fig. S1 -S4, Table 1 ). Additionally, in (i) vacuum hot-pressing and (ii) remelting, two new processing routes for the fabrication of bulk MOF glasses were studied. Following this, scratch tests were performed on a MOF glass for the first time, and the results were compared to previous observations reported for inorganic and metallic glasses.
RESULTS AND DISCUSSION

Mechanical properties of MOF glasses before processing
In order to characterize the Young's modulus, E, and hardness, H, of the glasses, constant strain-rate nanoindentation experiments were carried out on the four melt-quenched MOF glass specimens ( Fig. 2a, Fig. S5 , Table 1 ). Within the displacement range (400 -1800 nm), both E and H remain stable and independent of the indentation depth, except for agZIF-4. In general, there is a tendency for glasses with higher values of E to also exhibit a larger H and vice versa (Fig. 2b) . No direct correlation has been observed between the mechanical properties (E and H) and other physical properties, such the glass transition temperature, Tg. [16, 18] The extremely small size of microcrystalline MOF products prevents synthesis of samples suitable for nanoindenting in a similar manner, which underscores the importance of the production of bulk melt quenched MOF glasses. E (4.62 and 4.08 GPa) and H (0.464 and 0.509 GPa) values have previously been reported for the{111} and {100} facets of only ZIF-4 single crystals. [27, 28] The increase both E and H of the glass compared to the original crystalline species has previously been ascribed to the reduction in density. [16] The strain-rate sensitivity, m, is a characteristic which describes the time-dependence of deformation, similar to macroscopic creep. [29] Here, the strain-rate sensitivity was studied in a nanoindentation strain rate jump (SRJ) test [30] and through classical constant load and hold (CLH) indentation creep experiments [31] (Fig. S6) . The values of m for the meltquenched MOF glasses (m = 0.0579 -0.0757) obtained through nanoindentation SRJ testing are in the range of polycarbonate, polysulfide and poly(methyl methacrylate) glassy polymers (m = 0.05 -0.10) [32] and Se-rich GeSe chalcogenide glasses with comparable hardness values, such as vitreous Se (H = 0.39 GPa and m = 0.090) or GeSe19 (H = 0.57 GPa and m = 0.0625) ( Fig.  2c) . [33] The magnitude of m in the melt-quenched MOF glasses implies a marked time dependence of the indentation response, while at the same time suggesting a rather homogeneous plastic flow behaviour. [34] In addition to the SRJ tests, CLH indentation creep experiments were carried out on the four melt-quenched glasses ( Fig. S7 ). Combining SRJ with CLH experiments allowed us to evaluate the creep behaviour over four orders of magnitude in the indentation strain-rate. Although the values of m obtained from the CLH experiments (m = 0.0636 -0.0835) are slightly higher in comparison to the results of the SRJ tests, the compositional dependence of m derived from both approaches agreed well at higher strain rates ( Table 1) . At lower strain rates however, a deviation from the linear correlation between the logarithm of the hardness, lnH, and the logarithm of the indentation strain-rate, lṅi, was noted ( Fig. 2d) . Deformation of agZIF-76 and agZIF-76-mbIm, which are the more porous systems, tend towards a rigid, perfectly plastic behaviour, i.e., a rate-independent hardness (m = 0). Deformation of the dense agZIF-4 or agZIF-62, on the other hand, becomes more homogeneous, and approaches a Newtonian viscous flow behaviour (m = 1). [39] A vital descriptor of the mechanical behaviour of glasses, in both academic and industrial contexts, is the resistance to scratching. In general, organic glasses are ductile, yet scratch prone, whilst inorganic glasses are brittle, though largely resistant to scratching. Such experiments on MOF glasses have in the past been entirely prohibited by the small size and inhomogeneous nature of samples produced using direct melt quenching.
A new processing methodology was thus sought, with the main objective to fabricate bulk, homogeneous and bubble-free MOF glasses. For this purpose, (i) vacuum hot-pressing and (ii) remelting of the pre-formed glass were attempted and ZIF-62 was selected as a suitable candidate for this, as it represents the MOF with the lowest known Tm.
Vacuum hot-pressing routes to bulk MOF-glasses
A ZIF-62 sample of 200 mg was synthesized following the procedure described in detail in Ref. [16] A bespoke diffusion bonder with a stainless steel mould and a 10 mm diameter plunger ( Fig. S8 & S9 ) was used to heat the sample to a temperature of 723 K under a pressure of 15 MPa in vacuum. After 1 hour, the sample was removed from the press and an Xray amorphous sample was achieved, which is hereby referred to as agpZIF-62 (the subscript 'gp' indicates a pressed glass) ( Fig. 3a) . Solution 1 H nuclear magnetic resonance (NMR) A difference at high strain rate is noted; the more porous agZIF-76 and agZIF-76-mbIm tend toward more viscous behaviour, and the dense agZIF-4 and agZIF-62 tend toward plastic behaviour. spectroscopy confirmed the presence of the Im and bIm ligands in their expected ratios in both ZIF-62 and agpZIF-62 (Fig. S10) .
Differential scanning calorimetry (DSC) was conducted on a sample cut from the agpZIF-62 specimen (Fig. 3b ). An endothermic feature ascribed to melting was observed, as expected, at around 700 K. This result suggests the bulk agpZIF-62 specimen is not composed purely of melt-quenched agZIF-62. Combined with the lack of Bragg peaks in the XRD pattern, the results may suggest that the sample is a mixture of amorphous, non-melt-quenched ZIF-62 (aZIF-62), and the melt quenched glass. The non-melt quenched system has previously been observed to exist prior to melting. [16] The presence of aZIF-62 indicates the existence of a non-uniform temperature distribution inside the sample during vacuum hot-pressing.
Scanning electron microscopy (SEM) was performed on a bulk sample of agpZIF-62 (Fig. 3c) , revealing significant variations in material density across the surface. To explore the internal microstructure, focused ion beam (FIB) milling was performed to cut a trench into the sample, which revealed an inhomogeneous interior with similar variations in density to the surface (Fig. 3d) . Distinct particle-like objects are observable, indicating that ZIF-62 crystallites near to the surface may have coalesced during vacuum hot-pressing, though this was not the case throughout the sample. This inhomogeneity supports the existence of both aZIF-62 and agZIF-62.
Nanoindentation experiments were conducted to analyse the mechanical stability of agpZIF-62 (Fig. S11) . The loaddisplacement curves exhibit a smooth and parabolic shape without any discontinuities. However, due to the inhomogeneous microstructure of agpZIF-62 (Fig. S12) , the maximum indenter displacements at peak loads of 5 mN varied between 760 and 2053 nm. A detailed inspection of the loaddisplacement data further reveal a rapid increase of the indentation depth during the holding segment at the maximum load, providing more evidence of the poor resistance to creep of this sample. Along with these fluctuations in indenter displacement, the obtained values of E = (3.2 ± 1.4) GPa and H = (0.37 ± 0.25) GPa scatter significantly. A critical appraisal of the present findings is therefore strongly limited, though the values of E and H indicate a lower mechanical stability of agpZIF-62 as compared to MOF glasses prepared by meltquenching or thermal collapse. [16, 27, 28] 
Remelting as a route to homogeneous, bulk MOF-glasses
The failure of vacuum hot-pressing to fabricate a bulk glass of sufficient quality for scratch testing led us to consider an alternative preparation route. Previous methods of agZIF-62 production rely on heating a crystalline sample of ZIF-62 to Tm, followed by melt-quenching. This however results in numerous bubbles in the final agZIF-62 specimen (Fig. S13) . The presence of bubbles in glasses is commonly regarded as a serious flaw, [40] yet their formation in agZIF-62 is encouraged by the high viscosity of the ZIF-62 liquid at around Tm. [23] This tendency for bubble formation is correlated with partial decomposition of ZIF-62 at high temperature, as continuous weight loss was observed for ZIF-62 at 700 K (Fig. S14(a) ). However, no mass loss from ZIF-62 was observed when the sample is held at 670 K ( Fig. S14(b) ). Thus, remelting a sample of agZIF-62 at a temperature above Tg (591 K) but below 700 K, was attempted to circumvent the presence of bubbles in bulk samples. For this purpose, crystalline ZIF-62 was first heated up to 723 K without an isothermal segment, and naturally cooled to room temperature, to obtain agZIF-62. This temperature was chosen as it is above the melting temperature of ZIF-62 (710 K), [16] and the time selected in order to avoid the mass loss observed upon isothermal treatment. The sample was then ball-milled along with 2 x 7mm stainless steel balls at 25 Hz for 5 minutes, to homogenize particle size, and subsequently pressed into a pellet with diameter of 13 mm, in order to place grain surfaces in close proximity to one another. After that, the agZIF-62 pellet was heated to 673 K, i.e. above Tg, for 5 hours. At this temperature, unlike at 700 K, no isothermal mass loss was observed (Fig.  S12b) . The final glass, referred to as agrZIF-62, was transparent, of thickness 0.95 ± 0.01 mm, and, most notably, largely free of bubbles ( Fig. 4a and Fig. S15) .
DSC curves recorded from samples before (agZIF-62) and after remelting (agrZIF-62) suggest a similar Tg at around 600 K (Fig. S16) , consistent with that observed previously. [16] The agrZIF-62 sample is transparent and light yellow, while the agZIF-62 pellet is opaque white (Fig. 4a) . The curved surface of agrZIF-62 indicates a large surface tension of the liquid ZIF-62 at temperatures above Tg, which is the driving force for the formation of dense and transparent agrZIF-62 during the process of remelting. SEM images ( Fig. 4b-d ) of agrZIF-62 indicate a dense agrZIF-62 specimen with few surface defects. Some surface macroscale pores can be seen in Fig. 4b , though otherwise the surface is smooth and continuous. Fig. 4c shows the bulk structure exposed over a large area by fracture of the sample. The original surface is the bright area at the top of the image. Curved ring-cracks, consistent with brittle fracture extend from the surface into the middle of the field of view. Macroscale pores or defects were not observed inside the bulk specimen (Fig. 4c) . FIB sectioning very close to the original surface showed some limited porosity (Fig. 4d) , which consequently explains the generation of pores on the surface of agrZIF-62. The thickness of the sample was 0.95±0.01 mm.
The successful fabrication of a homogeneous bulk agrZIF-62 specimen allowed us, for the first time, to perform scratch experiments on a MOF glass. For this purpose, ramp-load scratch tests ( Fig. 5a) and indentations ( Fig. 5b) with maximum loads of 1, 10 and 50 mN, respectively, were produced by means of a conical diamond indenter with an opening angle, θ, of 60° and an effective tip radius, R, of 5.15 µm. The scratch response of other glasses when using a spherical indenter tip is, in general, characterized by a fully elastic deformation at low loads. With a further load increment, yield, and then subsequent ductile fracture occurs. The latter manifests in an abrupt increasing friction coefficient, µ (i.e. the lateral force required to move the indenter tip across the sample surface divided by the load applied), as well as in the formation of massive amounts of debris. [41] The onset of yielding in agrZIF-62 is clearly discernible from a comparison of the surface profiles before and after scratching ( Fig. 5a) . However, in stark contrast to previous observations on inorganic [41] and metallic glasses [42] , no ductile fracture is seen within the limits of spherical scratch testing. This is evident from the absence of sudden jumps in the friction coefficient, µ, curve, which was simultaneously recorded to h during the monotonic load increase (Fig. 5c) . To facilitate a critical assessment of the materials response to normal indentation and lateral deformation, representative stressstrains curves obtained by nanoindentation and scratch testing are plotted together in Figure 5d . The similarity of these curves suggests the activation of equivalent deformation modes during normal indentation and lateral deformation. This result is in agreement with very recent findings reported for inorganic glasses, where it was found that the relative contribution of the prevailing deformation mechanism (densification and volumeconservative shear flow) is strongly dependent on network topology so that ratio between lateral and normal hardness may very over a broad range. [43, 44] To show the generalality of the remelting technique in producing a bulk, homogeneous sample, we also heated a sample of ZIF-4 to ca. 863 K in an argon atmosphere (i.e. above Tm), without isothermal treatment, and cooled naturally to room temperature. Consistent with previous literature, discolouration was observed due to the small temperature region between melting and decomposition (ca 2 K), [16] This glass was then ground, and pressed into a pellet with a diameter of 5 mm and a thickness of 1mm. This was then heated at 673 K (i.e. above Tg) under Ar, for 5 hours.
The product obtained was a bulk sample, (Fig. S17) . Interestingly, it was also partially crystalline (Fig. S18) , and Xray diffraction indicated the presence of the dense ZIF-zni framework. [16] This result is therefore notable, in that it also shows the remelting technique can, providing the appropriate starting materials are chosen, be used to create a bulk, robust, crystalline sample.
CONCLUSIONS
The Young's modulus, hardness and strain-rate sensitivity of four melt-quenched MOF glasses: agZIF-4, agZIF-62, agZIF-76 and agZIF-76-mbIm were studied by nanoindentation. The strain-rate sensitivity was determined in strain-rate jump (SRJ) tests and through constant load and hold (CLH) indention creep experiments. The results obtained from both methods agree well and values of the strain-rate sensitivity of melt-quenched MOF glasses were found to be close to the values reported for glassy polymers and Se-rich GeSe chalcogenide glasses with comparable hardness values. With (i) vacuum hot-pressing and (ii) remelting, two new routes for the preparation of homogeneous MOF glasses in a larger scale were explored. The agpZIF-62 formed by vacuum hot-pressing is composed of a mixture of melt-quenched agZIF-62 and amorphous, non-meltquenched aZIF-62 and, by extension, possesses an inhomogeneous microstructure along with a poor mechanical stability. In contrast, a transparent and bubble-free bulk glass sample of agrZIF-62 was successfully fabricated by remelting. Ramp-load scratch tests were carried out on the latter to investigate the scratch resistance of MOF glasses.
A comparison between the representative stress-strain curves determined by nanoindentation and scratch testing suggests the activation of similar deformation mechanisms during normal indentation and lateral deformation, and the absence of ductile fracture, which is in stark contrast to inorganic glasses. In accordance with a recent hypothesis on the role of structural heterogeneity in local deformation processes, the mechanical response of MOF-glasses appears to be largely determined by super-structural parameters and the associated fluctuations in network rigidity. [45] performed The scratch-behaviourmeasurement of which was only made possible by the production of bulk samples heremay be highly promising for applications in coatings, displays or applications where scratch resistant, non-brittle surfaces are required.
In summary, these results are highly promising and yield both necessary, and valuable insights into the potential applications of this new category of melt-quenched glasses.
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